Previous studies [Biiller, Montgomery, Sasak & Grand (1987) J. Biol. Chem, 262, 17206-17211] have demonstrated that lactase-phlorizin hydrolase is inserted into the microvillus membrane (MVM) as a large precursor of approx. 220 kDa, which then undergoes two proteolytic cleavage steps to become the 130 kDa mature MVM protein. In order to assess the role of glycosylation in intracellular transport, the processing of this enzyme has been studied in the presence of castanospermine, an inhibitor of N-linked oligosaccharide modification and subsequent treatment with two endoglycosidases, endo-,J-N-acetylglucosaminidase (endo-H) and peptide: N-glycosidase-F (N-glycanase). We now show that the intracellular precursor (205 kDa) undergoes carbohydrate processing (220 kDa) and transport to the MVM where its further proteolytic cleavage is as described. Treatment of the intracellular 205 kDa precursor with either endo-H which cleaves only high-mannose N-linked oligosaccharides, or with N-glycanase, which cleaves both high-mannose and complex N-linked oligosaccharides, results in the conversion of the 205 kDa protein band to one of 195 kDa. These data suggest that the 205 kDa precursor contains only high-mannose N-linked carbohydrates, and that the unglycosylated nascent protein is 195 kDa. In the presence of castanospermine, an intracellular precursor of approx. 210 kDa is observed. When treated with endo-H or N-glycanase, this form also produces a protein of 195 kDa. The transport of the intracellular precursor to the MVM and further proteolytic processing is not blocked by the inhibitor. However, all MVM forms of lactase-phlorizin hydrolase show an increase of approx. 5 kDa. Treatment of these three MVM forms with endo-H indicates the increased presence of high mannose oligosaccharides in comparison with noncastanospermine-treated forms. The susceptibility to endo-H of the 130 kDa MVM band synthesized in the absence of castanospermine implies the presence of high-mannose N-linked oligosaccharides in the mature form of lactase-phlorizin hydrolase. Incubation of these MVM forms with N-glycanase further reduces their electrophoretic mobility, indicating the presence of complex N-linked oligosaccharides in the MVM forms, in contrast with the intracellular precursor. Altered glycosylation reduces but does not abolish intracellular transport of lactase-phlorizin hydrolase to the MVM.
INTRODUCTION
In recent years, advances have been made in the knowledge of the biosynthesis, processing, sorting and transport of several membrane-bound intestinal glycoproteins [1] [2] [3] [4] . These, like most lysosomal and secretory glycoproteins, are synthesized on ribosomes attached to the endoplasmic reticulum (ER) and are cotranslationally inserted into the lumen of the ER [5] [6] [7] . During this process, N-glycosylation begins with the transfer of one or more molecules of the lipid-linked oligosaccharide (Glc)3(Man)9(GlcNAc)2 to asparagine residue(s) of the nascent protein [8, 9] . These highmannose oligosaccharides are then modified by a series of glycosidases and glycosyltransferases located in the ER and Golgi complex [6, 8, 9] . Further O-linked glycosylation may take place in the Golgi complex. The role these sugars may play in the sorting of membranebound glycoproteins is unclear [2, 3] . phosphate in the N-linked oligosaccharide of lysosomal enzymes serves as a recognition marker for delivery of the enzymes to lysosomes [5, 6, 10] . If addition of Nlinked sugars is blocked or the initial trimming of highmannose oligosaccharide chains is inhibited, some glycoproteins fail to be secreted or expressed on the cell surface [9] [10] [11] [12] .
It therefore seems appropriate to investigate whether castanospermine, by its ability to inhibit the processing of oligosaccharide chains, has any effects on the transport and processing of lactase-phlorizin hydrolase (EC 3.2.1.23-3.2.1.62), and to use this agent in combination with deglycosylating enzymes to elucidate glycosylation steps that are involved in the biosynthesis of lactasephlorizin hydrolase. In the present study, we show the presence of high-mannose and complex-type oligosaccharides in lactase-phlorizin hydrolase; no previous study has identified a complex glycosylated precursor of this enzyme [2] . [12] . Castanospermine, a plant alkaloid, is a potent inhibitor of glycoprotein processing [9] by virtue of blocking the removal of glucose residues from newly synthesized oligosaccharide chains. Endoglycosidase H (endo-/J-N-acetylglucosaminidase-H) and N-glycanase (peptide: N-glycosidase F) were purchased from Genzyme, Boston, MA, U.S.A.
Antibodies
The monoclonal antibody [13] used in these experiments is the same as described previously [14] . The hybridoma cells (YBB 2/61) were generously given by Dr. Andrea Quaroni, Cornell University, Ithaca, NY, U.S.A. The antibody was obtained in the form of ascites from pristane-primed Balb/c mice. The immunoglobulins (IgG1) were purified from the ascites fluid by affinity chromatography on a Protein A-CL Sepharose 4B (Pharmacia) column [15] , and covalently coupled to CNBr-activated Sepharose (Pharmacia) according to the manufacturer's instructions.
Organ culture
The organ culture of jejunal explants from 5-day-old rats was performed according to the previously described method [14] . All explants were preincubated for 30 min in methionine-free medium containing penicillin (100 units/ml) and streptomycin (100 jug/ml). Labelling was performed during 45 min in [35S]methionine (500 ,uCi/ml)-containing medium. After thorough washing with phosphate-buffered saline, explants were incubated in complete Dulbecco's modified Eagle's medium (containing 460 times the concentration of radioactive methionine) for 180 min. No proteinase inhibitors were added to the media.
When used, castanospermine (50 ,ug/ml) was present during the preincubation in methionine-deficient medium and during pulse-chase labelling. Every hour, castanospermine was freshly added to the chase medium, because our preliminary results had shown a decreasing effect of the drug after approx. 1 h.
Fractionation of labelled explants
Labelled explants were separated into intracellular membrane (ER/Golgi) and MVM fractions using the Ca2+ precipitation technique as previously described [14] . Lactase activities were measured in the presence of p-chloromercuribenzoate to inhibit lysosomal ,-galactosidase activity [16] . The lactase assay was performed as described previously [14] . All buffers used during fractionation contained proteinase inhibitors at the following concentrations: leupeptin (50 ,tg/ml), phenylmethanesulphonyl fluoride (PMSF; 1 mM) and soybean trypsin inhibitor. (50 ,tg/ml). Protein synthesis was determined as trichloroacetic acid (TCA)-precipitable radioactivity in 25 1l samples of the different fractions, and expressed per mg of protein [14] . Immunoprecipitation ER/Golgi and MVM fractions were solubilized in 1 ml of a buffer containing 10 mM-Hepes/HCI, pH 7.5, 20 mM-NaCl, 0.500 Triton X-100, 0.020% sodium azide and the proteinase inhibitors as mentioned above. Following centrifugation at 30000 g for 10 min, the supernatant was incubated overnight at 4°C with 150 ,ul of monoclonal antibody bound to Sepharose. Washing and analysis of the immune complex by SDS/polyacrylamide-gel electrophoresis (PAGE) were performed as described [14] .
Endo-H treatment
Digestion of the immunoprecipitates with endo-H was performed essentially as described by the manufacturer. After extensive washing as described [14] , the immune complex bound to the Sepharose beads was boiled for 3 min in a buffer containing 50 mM-sodium phosphate, pH 6, and 0.1 % SDS. This mixture was incubated overnight at 37°C with 50 munits of endo-H/ml and 2 mM-PMSF. The sample was diluted in 100,l of Laemmli sample buffer [17] , boiled for 5 min and centrifuged. An aliquot (10 pil) of the supernatant was added to ReadySolv scintillation mixture (Beckman) and radioactivity was determined in a liquid-scintillation counter. The remainder was analysed by SDS/PAGE according to the method of Laemmli [17] . N-Glycanase treatment N-Glycanase hydrolyses asparagine-linked oligosaccharides (high-mannose, complex and hybrid chains) of glycoproteins [18] . The digestion of immunoprecipitates was carried out as follows. The protein bound to the Sepharose beads was boiled for 3 min in a buffer containing 0.5 OG SDS and 0.1 M-,8-mercaptoethanol. The sample was diluted with 0.55 M-sodium phosphate buffer, pH 8.6, containing albumin (6 mg/ml) and Nonidet P-40 in a final concentration of 1.250 (as outlined in the manufacturer's instructions). Incubation with Nglycanase (0.25 units) was done overnight at 37 'C. After incubation, the sample was analysed as described above for the endo-H digestion. Lactase-phlorizin hydrolase in the ER/Golgi and MVM Fig. 1 shows the SDS/PAGE analysis ofimmunoprecipitated lactase-phlorizin hydrolase from the intracellular and MVM fractions of labelled jejunal explants. The labelled ER/Golgi form (lane 1) is approx. 205 kDa, while the labelled MVM bands (lane 2) are 220, 180, and 130 kDa. As shown previously [14] , the fully glycosylated 220 kDa intracellular precursor arrives at the MVM and, after insertion, this form is proteolytically cleaved virtually completely (> 95 %) in two separate steps: first from the 220 to the 180 kDa form and then to the final 130 kDa form. The inserted 220 kDa form completely disappears during this process [14] . The difference between the precursor form in the ER/Golgi and that inserted into the MVM was not distinguished in our previous study [14] .
Intracellular (ER/Golgi) lactase-phlorizin hydrolase treated with castanospermine Fig. 2 shows the immunoprecipitated lactase-phlorizin hydrolase from the ER/Golgi fraction. In lane 1, in the absence of castanospermine, the same 205 kDa precursor is seen as in Fig. 1 precursors were treated with endo-H, as shown in lanes 3 and 4, the effect of castanospermine was eliminated, and both forms were equally reduced to a size of approx. 195 kDa. Treatment with N-glycanase (lanes 5 and 6) showed no further effect on the mobility of the labelled bands compared with the endo-H treated bands, indicating the presence of only high-mannose oligosaccharides in the intracellular precursor. MVM lactase-phlorizin hydrolase treated with castanospermine
Analysis of the immunoprecipitated lactase-phlorizin hydrolase from MVM is shown in Fig. 3 Fig. 2 , except that the MVM fractions were prepared after a chase period of 180 min in order to obtain maximal labelling of the three MVM bands [14] . In lane 1, i.e. the control lane with no castanospermine added to the medium, the three labelled bands are the same as seen in Fig. 1: 220, 180 Explants were labelled as shown in Fig. 1 
DISCUSSION
After biosynthesis of the intracellular precursor, many secretory and membrane glycoproteins undergo proteolytic processing in different compartments of the cell [5] [6] [7] [8] . The -acquisition and modification of oligosaccharides, however, is very similar for different proteins and encompasses two separate steps, the co-translational attachment of N-linked oligosaccharides of the highmannose type in the endoplasmic reticulum, and trimming and complex glycosylation, as well as 0-linked glycosylation, in the Golgi apparatus [6, 8] . Several authors [9, 11, 12] have shown that glycosylation in the ER functions in the sorting and transport of glycoproteins to their final destination, while others [19, 20] have suggested that carbohydrates only play an indirect role in intracellular transport and that the primary role is in the folding of the polypeptide.
The major intestinal microvillus glycoprotein disaccharidases, sucrase-isomaltase, maltase-glucoamylase and lactase-phlorizin hydrolase have been studied in varying detail. Sucrase-isomaltase has been examined extensively (for review see [1] ). The complete amino-acid sequence, including potential glycosylation sites, of the rabbit enzyme [21] , and the partial sequence of human sucrase-isomaltase have been reported [22] . Maltase-glucoamylase biosynthesis and processing are less well understood [1, 23] . Although some studies [1] [2] [3] [4] 14] have dealt with the biosynthesis of lactase-phlorizin hydrolase, and the sequences of the rabbit and human enzyme have been published recently [24] , very little is known about the glycosylation and processing of this important enzyme.
In earlier studies [14] we showed that the initial intracellular form of lactase-phlorizin hydrolase could readily be labelled with [2-3H] mannose, and we suggested that this form represents the high-mannose-type glycosylated precursor. The present study confirms this by the susceptibility of the 205 kDa intracellular precursor to both endo-H and N-glycanase; no shift in mobility is seen when the two treatments are compared (Fig. 2) , providing evidence for the presence of only highmannose oligosaccharide chains. The increase in molecular mass of the intracellular precursor of approx. 5 kDa after incubation with castanospermine may arise from the extended length of the unprocessed chains. This somewhat higher precursor band is identically reduced to a 195 kDa band after removal of the N-linked sugars. This is in accordance with the studies of Naim et al. [2] hydrolase that is inserted in the MVM is clearly different from the initial intracellular form in several ways. This band (220 kDa), although still somewhat endo-H-sensitive, is also susceptible to N-glycanase, demonstrating the presence of complex oligosaccharide chains. The difference of approx. 10 kDa that remains between the intracellular precursor and the MVM precursor after treatment with N-glycanase (Figs. 2 and 3 ) is most likely due to 0-linked glycosylation, although other posttranslational modifications cannot yet be excluded.
In a human study [2] , the lactase-phlorizin hydrolase precursor found in the MVM showed the same susceptibility to endo-H and endo-F as the intracellular form; however, no explanation of the insertion of this non-complex glycosylated form into the MVM was given. The present study is the first to identify the complex glycosylated form of lactase-phlorizin hydrolase in the MVM.
We have shown here that, after incubation with castanospermine, lactase-phlorizin hydrolase is still transported to the MVM and proteolytically converted to the mature form (135 kDa). Similarly, Danielsen & Cowell [3] found that castanospermine did not block the transport of sucrase-isomaltase and maltaseglucoamylase to the MVM, and concluded that processing of N-linked carbohydrate is not required for surface expression of microvillus enzymes. In contrast to the two disaccharidases they described, we found lactase-phlorizin hydrolase to have a higher molecular mass at all processing stages after exposure to castanospermine. Thus, for the three major disaccharidases, lactase-phlorizin hydrolase, sucrase-isomaltase and maltase-glucoamylase, intracellular processing and transport are not blocked by the inhibitor of the initial trimming enzyme, glucosidase I. However, the reduction in TCA-precipitated radioactivity and the intensity of the labelled bands after incubation with castanospermine indicate, as suggested by Danielsen & Cowell [3] , that removal of the glucose residues is important for achieving normal function, and that the cell rapidly recognizes and degrades unprocessed molecules.
In contrast, some secretory proteins are particularly sensitive to alterations in glycosylation. Lodish & Kong [11] showed accumulation of a1-antitrypsin and oczantichymotrypsin in the ER and markedly reduced secretion of the proteins after incubation with another glucosidase I inhibitor, 1-deoxynojirimycin. They concluded that the removal of the initial glucose residues provides the signal for transport from the ER to the Golgic complex. It is noteworthy that in experiments we performed in the presence of 1-deoxynojirimycin, no effect on lactase-phlorizin hydrolase was observed. It is apparent that the effect of inhibition of glucosidase I, by castanospermine or 1-deoxynojirimycin, on secretory proteins [9, 11, 12] is either no reduction in synthesis and secretion, or an accumulation in the ER, resulting in decreased secretion rates. In contrast, the results of this and other reports [3] indicate that membrane-bound proteins are more susceptible to intracellular degradation if the outer glucoses are not removed [9] .
In the present study, the decrease in molecular mass of the mature 130 kDa band after endo-H treatment implies the presence of high-mannose N-linked carbohydrates, which means that not all the high-mannose units that are initially attached to the nascent protein are processed to the complex type (Fig. 3, lane I compared with lane 3) .
The same phenomenon has been seen after endo-H digestion ofmature sucrase-isomaltase and glucoamylase in pig intestine [3] and for lactase-phlorizin hydrolase in human explants [2] . That the mature 130 kDa protein also has complex-type oligosaccharides is shown by an additional decrease in molecular mass after N-glycanase incubation, which removes all N-linked oligosaccharides (Fig. 3, lane 3 compared with lane 5) . The removal of high-mannose oligosaccharides from castanosperminetreated lactase-phlorizin hydrolase yields a shift in electrophoretic mobility (Fig. 3, lane 2 compared with  lane 4) . There is also a clear mass difference between the lactase-phlorizin hydrolase bands in control and castanospermine-treated explants after endo-H exposure (Fig. 3, lane 3 compared with lane 4) , indicating that the forms which arrive in the MVM are affected by castanospermine. It is noteworthy that there still remains a slight mass difference between the forms exposed to both castanospermine and endo-H compared with those exposed to castanospermine and N-glycanase (Fig. 3 , lane 4 compared with lane 6). This difference could be due to the presence of N-acetylglucosamine residues after endo-H treatment, resulting in altered electrophoretic mobility.
In our previous study, we found evidence to suggest that lactase-phlorizin hydrolase undergoes its proteolytic conversion to the mature form after insertion into the MVM; this is in contrast with other studies [2] [3] [4] , which indicate that this proteolytic cleavage takes place intracellularly. Our present results again strongly suggest that lactase-phlorizin hydrolase is synthesized as a large precursor (nascent protein, 195 kDa) which undergoes glycosylation (205 kDa), trimming and translocation through ER and Golgi complex, and is subsequently transported and inserted (220 kDa) into the MVM.
